Molecular chaperones prevent aggregation of denatured proteins in vitro and are thought to support folding of diverse proteins in vivo. Chaperones may have some selectivity for their substrate proteins, but knowledge of particular in vivo substrates is still poor. We here show that yeast Rot1, an essential, type-I ER membrane protein functions as a chaperone. Recombinant Rot1 exhibited antiaggregation activity in vitro, which was partly impaired by a temperature-sensitive rot1-2 mutation. In vivo, the rot1-2 mutation caused accelerated degradation of five proteins in the secretory pathway via ER-associated degradation, resulting in a decrease in their cellular levels. Furthermore, we demonstrate a physical and probably transient interaction of Rot1 with four of these proteins. Collectively, these results indicate that Rot1 functions as a chaperone in vivo supporting the folding of those proteins. Their folding also requires BiP, and one of these proteins was simultaneously associated with both Rot1 and BiP, suggesting that they can cooperate to facilitate protein folding. The Rot1-dependent proteins include a soluble, type I and II, and polytopic membrane proteins, and they do not share structural similarities. In addition, their dependency on Rot1 appeared different. We therefore propose that Rot1 is a general chaperone with some substrate specificity.
INTRODUCTION
Newly synthesized polypeptides need to be correctly folded to a proper three-dimensional structure to mature into functional proteins. In the cell, a variety of proteins assist in the folding of nascent proteins and are collectively called molecular chaperones. A molecular chaperone is basically defined as a protein that transiently associates with nascent proteins and promotes their folding and/or assembly. Based on their degree of substrate specificity, molecular chaperones can be classified from "general" ones interacting with diverse proteins to "specific" ones interacting with specific proteins or protein families. The primary function of a molecular chaperone is the stabilization of the unfolded and unstable polypeptide, and in vitro, a general chaperone is often capable of preventing aggregation of denatured proteins (Hartl, 1996) . The 70-kDa heat-shock protein (Hsp70) is an abundant and the most prominent general chaperone. Hsp70 is thought to assist most nascent proteins just after and/or during their synthesis. Another abundant chaperone, Hsp90 protects several denatured proteins in vitro (Freeman and Morimoto, 1996) , which suggests that Hsp90 can function as a chaperone for diverse proteins. However, in vivo, Hsp90 seems to be engaged in the folding of specific subsets of proteins such as steroid hormone receptors and some kinases (Young et al., 2004; Caplan et al., 2007) . The eukaryotic chaperonin is also thought to possess some specificity for its client proteins (Spiess et al., 2004) . To understand the functions of individual chaperones in a cell, it is essential to elucidate their in vivo substrate proteins, as well as to characterize the dependency of the substrates on these chaperones. Kerner et al. (2006) showed that diverse proteins are bound to the bacterial general chaperone, GroEL/ES, but suggested that only one-third of the substrates absolutely require the chaperone for folding. To date, we only have knowledge of the in vivo substrates and their dependency on general chaperones for several chaperones.
The endoplasmic reticulum (ER) is the site of protein folding in the secretory pathway. In the ER, many proteins are glycosylated and subjected to disulfide bond formation. Insertion of the membrane proteins into the membrane and the glycophosphatidylinositol (GPI) anchoring of some surface proteins also occur in the ER (Alberts et al., 2002) . BiP, or Kar2 in yeast, the ER resident Hsp70, promotes translocation and folding of nascent polypeptides (Fewell et al., 2001) . In addition to BiP/Kar2, various molecular chaperones and folding enzymes such as calnexin and protein disulfide isomerase fulfill many of the complex requirements for protein folding in the ER. Calnexin is a chaperone that is basically specific to N-glycosylated proteins (Williams, 2006) , and protein disulfide isomerase promotes the formation and rearrangement of the disulfide bonds (Freedman, 2002; Hosoda et al., 2003) . The ER also functions as the quality control compartment of folding proteins (Ellgaard et al., 1999) . Proteins that fail to gain native conformation are retained in the ER and eventually degraded via a pathway called ER-associated degradation (ERAD). In the ERAD pathway, substrate proteins are retro-translocated to the cytosol, ubiquitylated and degraded by the proteasome (Carvalho et al., 2006; Denic et al., 2006) . ER retention and/or ERAD of a protein strongly suggests that it is misfolded and/or unassembled.
We previously proposed that an essential, type-I ER membrane protein, Rot1 cooperates with BiP/Kar2 in the folding of nascent proteins in the ER of yeast cells (Takeuchi et al., 2006a,b) . Several lines of evidences have suggested that Rot1 is involved in protein folding: ROT1 genetically interacts with genes encoding ER chaperones such as BiP/Kar2, and the unfolded protein response (Kimata et al., 2007; Kohno 2007) was induced in the temperature-sensitive rot1-2 mutant. Furthermore, folding of disulfide-reduced carboxypeptidaseY (CPY) was likely to be severely perturbed in kar2-1 rot1-2 double mutant cells (Takeuchi et al., 2006a) . Rot1 does not have any known functional motif, and the details of its molecular functions have not been elucidated yet. In this report, we show that Rot1 itself functions as a general chaperone. Recombinant Rot1 protein prevented aggregation of denatured proteins in vitro. Moreover, we found several reliable or possible in vivo Rot1 substrates with various properties.
MATERIALS AND METHODS

Media, Plasmids, Yeast Strains, and Antibodies
Plasmids used in this study were constructed mainly using products of genomic PCR and are listed in Table 1 . Yeast cells were grown in YPD (2% glucose, 1% yeast extract, 2% polypeptone, and 0.02% adenine sulfate) or SC (2% glucose, 0.67% yeast nitrogen base w/o amino acids; BD, Franklin Lakes, NJ) and supplemental amino acids (Kaiser et al., 1994) . Standard genetic manipulations of yeast cells were performed as described (Kaiser et al., 1994) . Yeast strains used in this study are listed in Table 2 . For disruption of UBC7, a disruption cassette was amplified by PCR from the genome of strain W303-CQ (Hiller et al., 1996) , and the resulting DNA fragment was introduced to strain YM16 (ROT1) and YM18 (rot1-2) to generate YM23 (ROT1 ubc7⌬) and YM24 (rot1-2 ubc7⌬), respectively. The kar2-1 mutation was introduced into the strains YM16 and YM18 by transformation with SpeI/SalI-digested pBkar2-1-LEU2. LEU ϩ , and temperature-sensitive clones were subsequently selected (examined at 39 and 32°C for YM88 [ROT1 kar2-1] and YM89 [rot1-2 kar2-1], respectively). For expression of the epitope-tagged proteins, the cells (YM16, 18, 23, 24, 88, and 89) were transformed with the corresponding plasmids digested by the indicated restrictive enzymes (see Table 1 ). Integration of the introduced DNA fragments into the target genes was confirmed by genomic PCR. To introduce the sec12-4 mutation, YM41 (ROT1 HA-KRE6) was transformed with pB-sec12-URA3 digested by XbaI/XhoI, and the URA ϩ , and temperature-sensitive clones were selected. Anti-Kar2, Anti-Rot1, and antiSec61 antibodies were previously described (Takeuchi et al., 2006a) . AntiMnn9 antibody was kindly provided by Dr. Koji Yoda (Tokyo University). Anti-hemagglutinin (HA; 12CA5, Roche, Basel, Switzerland) and anti-CPY (Rockland Immunochemicals, Gilbertsville, PA) were purchased.
Production and Purification of Recombinant Rot1 Protein
For production of Rot1HAHis 8 , YM199 (FY23 harboring pYEX-ROT1-HA-His) was incubated in SC not containing leucine to A 600 ϭ 1.5-1.8 at 30°C. The following procedures were performed at 4°C. The cells were lysed in L buffer (50 mM KH 2 PO 4 /K 2 HPO 4 , pH 7.4, at 4°C, 500 mM KCl, 2 mM MgCl 2 , 5 mM imidazole, 1 mM 2-mercaptoethanol, 1%[wt/vol] Triton X-100, 20% [vol/vol] glycerol) containing a protease inhibitor (PI) mix (1 mM PMSF, 0.2 mg/ml leupeptin and pepstatin A [Peptide Institute, Osaka, Japan], 1 mg/ml benzamidine [final concentrations]) by agitation with glass beads using Bead-beater (Biospec, Bartlesville, OK). The lysate was clarified by centrifugation at 100,000 ϫ g for 1 h and incubated with Ni-NTA agarose resin (Qiagen, Hilden, Germany) o/n. The resin was washed with W buffer (L buffer containing 20 mM imidazole), and Rot1 was eluted with C buffer (20 mM HEPES, pH 7.4, at 4°C, 500 mM KCl, 2 mM MgCl 2 , 1 mM 2-mercaptoethanol, and 20% glycerol) containing 250 mM imidazole. The eluted protein was further purified by gel filtration on Superdex75 (GE Healthcare, Amersham plc, United Kingdom) column equilibrated with C buffer. Purified Rot1 was bound to Ni-NTA agarose again, eluted, dialyzed against S buffer (C buffer containing 50% glycerol), and stored at Ϫ20°C. The rot1-2HAHis 8 mutant protein was produced in YM200, purified, and stored similarly.
Aggregation Protection Assay
␣-Mannosidase (Sigma, St. Louis, MO) and citrate synthase (Roche) were dialyzed against A buffer (50 mM AcOH/AcONa, pH 5.5, at 4°C, 150 mM KCl, 0.1 mM ZnSO 4 , and 10% glycerol) and B buffer (20 mM HEPES, pH 7.0, at 4°C, 150 mM KCl, 2 mM MgCl 2 , and 10% glycerol), respectively, at 4°C. The proteins were divided into aliquots, frozen with liquid N 2 , and stored at Ϫ80°C. For denaturation, ␣-mannosidase (30 M) and citrate synthase (40 M) were mixed with equal volumes of D buffer (R buffer [20 mM HEPES, pH Iha and Tsurugi (1998) . f Candida glabrata TRP1; derived from pUC18-CgTRP1 (provided by Dr. Mukai, Osaka University). g The sec12-4 mutant gene was obtained from the genome of strain MBY10-7A (Nakano et al., 1988) by PCR. h Derived from YCp50 (Rose et al., 1987) . i Sikorski and Hieter (1989 
Examination of the Cellular Amount of Proteins
Pulse-Chase Experiments
For [ 35 S]methionine/cysteine (Met/Cys) pulse-chase experiments, SC medium not containing Met/Cys was used, referred to hereafter as SC. The cells were grown exponentially in SC at 23°C to A 600 ϭ 0.7-1.0, concentrated to 10 OD cells/ml, and incubated for 10 min at 37°C. The cells were labeled with [ 35 S]Met/Cys (EXPRESS protein labeling mix; PerkinElmer, Waltham, MA) at 4 MBq/ml for 10 min at 37°C. At the beginning of the chase period, 1/50 vol of the chase solution (1% Met and 0.8% Cys in 0.1 N HCl) was added to the culture. At the indicated times, 200 l of the culture was taken, mixed with 200 l of YPD containing 20 mM NaN 3 , and placed on ice. The cells were lysed by agitation with glass beads in 100 l of 1% SDS-TBES (1% S-TBES) containing PI mix at 4°C, and the lysate was incubated at 50°C for 5 min and centrifuged at 15,000 ϫ g at RT for 5 min. The cleared lysate was diluted with 4 vol of 2.5% Triton X-100-TBES (2.5% T-TBES) and incubated with 1 g of anti-HA antibody or 10 g of anti-CPY antibody and 10 l bed vol of protein A-Sepharose (GE Healthcare) at 4°C for 2 h or overnight. The beads were washed with 200 l each of 1% T-TBES once, 1% T-TBES containing 0.5 M NaCl twice, and 1% T-TBES once again at RT. Recovered proteins were separated by SDS-PAGE and detected by autoradiography using the BAS2500 Mat ␣ ade2 his3 leu2 lys2 trp1 ura3 ubc7⌬ system (Fujifilm, Tokyo, Japan). For quantification of the radioactive signal of protein bands, Image Gauge ver. 4 software (Fujifilm) was used. For Figure  2B , cells were exponentially grown in YPD and incubated in SC for 1 h at 23°C (A 600 ϭ 0.6 -1.0). The cells were then incubated for 10 min at 33°C, labeled with [ 35 S]Met/Cys for 10 min, and chased for 30 min at 33°C. For Figure 4E , the cells were incubated for 10 min at 37°C, labeled with [ 35 S]Met/Cys at 20 MBq/ml for 10 min, and chased for the indicated periods at 37°C. Cells (2 OD) were lysed in 100 l 1% T-TBES containing protease inhibitors and centrifuged at 15,000 ϫ g for 5 min at 4°C. Cleared lysates were incubated with 400 l of 1% T-TBES, 5 l anti-Rot1 antibody or nonimmune guinea pig serum and 10 l bed vol of ProteinA-Sepharose for 2 h at 4°C, and the beads were washed four times with 200 l of 1% T-TBES at 4°C. Precipitated proteins were eluted by incubation with 100 l of 1% S-TBES for 10 min at 65°C. Immunoprecipitation of HA-Kre6 was performed as described above. Similar results were obtained in three independent experiments.
Subcellular Fractionation
YM41 (ROT1 HA-KRE6) cells were grown in 500 ml of YPD to A 600 ϭ 1.0 at 30°C. The cells were treated with 10 mM NaN 3 for 5 min, collected, and incubated in 20 ml of reduction buffer (50 mM Tris, pH 9.6, at 25°C, 10 mM dithiothreitol, 10 mM NaN 3 ) for 10 min at 30°C. The cells were spheroplasted in 10 ml spheroplasting buffer (20 mM Tris, pH 7.4, at 4°C, 150 mM NaCl, 1 M sorbitol, and 10 mM NaN 3 ) with 2 mg of zymolyase T100 (Seikagaku Corporation, Tokyo, Japan) for 1 h at 30°C. The spheroplasts were collected, dissociated in 1.4 ml lysis buffer (50 mM Tris, pH 7.4, at 4°C, 150 mM KCl, 2 mM MgCl 2 , and 200 mM sucrose) containing PI mix and disrupted by a Dounce homogenizer at 4°C. The lysates were centrifuged at 600 ϫ g, 4°C for 30 min, and 1 ml of cleared lysate was layered on the top of a 11 ml, 20 -80% step sucrose gradient (from the bottom, 1 ml each of the lysis buffer containing 80, 70, 60, 55, 50, 45, 40, 35, 30, 25 , and 20% sucrose was piled up). The gradient was centrifuged at 150,000 ϫ g, 4°C for 8 h in the SW40Ti rotor (Beckman Coulter, Fullerton, CA) and 1-ml fractions were collected manually from the top of the gradient.
Coimmunoprecipitation
For coimmunoprecipitation of Rot1 with HA-Kre6 or Big1-HA, the cells (YM41 and 42 or YM85 and 86) were grown in YPD to A 600 ϭ 1.0 at 23°C and incubated at 37°C for 10 min. Where indicated, cycloheximide (CHX) was added to the culture to 0.1 mg/ml, and the cells were further incubated for 10 or 20 min at 37°C. For coimmunoprecipitation of Rot1 with Kre5-HA or Drs2-HA, the cells (YM27 or 194) were grown in YPD or SC not containing Trp, respectively, to A 600 ϭ 1.0 at 30°C. Then, the cells were treated with 10 mM NaN 3 briefly and harvested. Cell lysis and immunoprecipitation (IP) were performed under nondenaturing conditions at 4°C as follows. Cells (2.5 OD) were disrupted by agitation with glass beads in 200 l of 1% T-TBES containing PI mix. The lysate was cleared by the centrifugation at 15,000 ϫ g for 5 min, and 2.5 l of nonimmune serum and 10 l bed vol of protein A-Sepharose were added, and the mixture was incubated for 1 h. The mixture was centrifuged at 15,000 ϫ g for 5 min, and in the case of coIP with Kre5-HA and Drs2-HA, the supernatant was diluted twofold with 1% T-TBES. Then, 2.5 l of anti-Rot1 antibody or nonimmune serum and 10 l bed vol of protein A-Sepharose were added, and the mixture was rotated for 2 h. The beads were washed four times with 200 l of 1% T-TBES, and the immunoprecipitants (one fifth of the sample for HA-Kre6, two thirds for Big1-HA; for Kre5-HA and Drs2-HA, similarly prepared two samples were combined) were analyzed by Western blotting. Similar results were obtained in at least three independent experiments.
For double-immunoprecipitation in Figure 9 , the cells (YM41 and YM42) were incubated, treated with NaN 3 , and harvested as above. Cells (5 OD) were dissociated in 400 l of PBS and incubated with 2 mM dithiobis(succinimidyl)propionate (DSP; freshly prepared in DMSO at 200 mM) and 10 mM NaN 3 for 1 h at 37°C, and Tris (pH 8.0 at RT) was added to 100 mM to quench the reaction. The cells were lysed in 200 l of 1% S-TBES containing PI mix, incubated for 10 min at 65°C, and centrifuged at 15,000 ϫ g for 5 min at RT. The cleared lysates were incubated with 800 l of 2.5% T-TBES, 5 l of nonimmune serum and 10 l bed vol of protein A-Sepharose for 2 h at 4°C, centrifuged at 15,000 ϫ g for 5 min at 4°C, and the supernatant was further incubated with 10 l of anti-Rot1 or nonimmune serum and 10 l bed vol of protein A-Sepharose overnight at 4°C. The beads were washed with 200 l each of 1% T-TBES once, 1% T-TBES containing 0.5 M NaCl twice, and 1% T-TBES once again at RT. Recovered proteins were eluted by incubation with 100 l of 1% S-TBES for 10 min at 65°C and incubated with 400 l of 2.5% T-TBES, 1 l of anti-Kar2 or nonimmune rabbit serum, and 10 l bed vol of protein A-Sepharose for 2 h at 4°C. The beads were washed as above, and the immunoprecipitants were analyzed by Western blotting.
CHX Chase
The BIG1-HA cells (YM84, 85, 86, 87, 96, and 97) were grown in YPD at 23°C and incubated at 37°C for 2 h. Before the temperature shift, the density of the cultures was properly controlled so that the A 600 of the culture was 0.8 -1.0 after 2-h incubation at 37°C. CHX was then added to a final 0.1 mg/ml, and the cells were further incubated at 37°C. Aliquots were taken at the indicated times, and the cell lysates (equivalent to 0.05 OD cells) were subjected to Western blotting to detect Big1-HA. The protein bands on the x-ray films were scanned by ImageScanner (GE Healthcare) and quantified by Image Gauge ver. 4.
RESULTS
Recombinant Rot1 Prevents Aggregation of Denatured Proteins In Vitro
To elucidate the chaperone function of Rot1, we first generated a recombinant Rot1 and performed in vitro experiments. The recombinant Rot1 protein in which the C-terminal transmembrane region was replaced with the HA-His 8 tag, and the N-terminal signal sequence was intact, was expressed in yeast cells from the strong TDH3 promoter. The protein was purified by Ni ϩ2 -chelated affinity-chromatography and gel filtration ( Figure 1A ). The rot1-2 mutant version was also generated and purified. Endoglycosidase H (EndoH) treatment increased the mobility of the proteins on SDS-PAGE, indicating that they were translocated into the ER and N-glycosylated as expected ( Figure 1A) .
When a protein is denatured in a chemical denaturant such as guanidine and the denaturant is rapidly diluted, the denatured protein tends to aggregate. In many cases, general chaperones bind to such denatured proteins and prevent their aggregation. We denatured ␣-mannosidase by guanidine and diluted it into an assay buffer. Aggregation was monitored by measuring absorbance at 320 nm, which indicates light scattering of protein aggregates. As shown in Figure 1B , Rot1 prevented aggregation of denatured ␣-mannosidase. The mutant rot1-2 protein also inhibited aggregation, albeit less efficiently than the wild-type Rot1 ( Figure  1B) . Aggregation of denatured citrate synthase was also inhibited by Rot1 ( Figure 1C ). These results indicate that Rot1 can directly bind to an unfolded protein, which is closely related to the in vivo functions of Rot1.
Proteins Important for Cell Wall 1,6-␤-Glucan Synthesis Are Decreased in the rot1-2 Mutant ROT1 was initially reported as a gene required for the 1,6-␤-glucan synthesis (Bickle et al., 1998; Machi et al., 2004) . We speculated that Rot1 is required for the maturation of proteins involved in the 1,6-␤-glucan synthesis, so we checked the effects of the rot1-2 mutation on the cellular amount of three proteins, Kre5, Kre6, and Big1, which are especially important for this process. Kre5 is an ER-localized soluble protein that has similarity to UDP-glucose:glycoprotein glucosyltransferase (UGGT; Levinson et al., 2002) . Kre6 was initially reported to be a Golgi-localized type-II membrane protein and was predicted to be a glucosidase or transglucosylase (Montijn et al., 1999; Li et al., 2002) . However, a recent report suggested that Kre6 predominantly localizes in the ER and functions with an ER membrane protein named Keg1 (Nakamata et al., 2007) . Big1 is an ER-localized type-I membrane protein that does not have any known functional motif (Azuma et al., 2002) . The sequence encoding the HA epitope tag was integrated into the chromosomal KRE5, KRE6, or BIG1 locus to express tagged versions of each of these proteins. As shown in Figure 2 , the rot1-2 mutation caused a drastic reduction in the levels of Kre5, Kre6, and Big1, as quantitated by Western blot analysis of the tagged proteins. Kre6 was the most severely affected: in rot1-2 cells, Kre6 was detected only faintly even at 23°C (a permissive temperature for the rot1-2 mutant) and was almost undetectable at 37°C (a restrictive temperature). Kre5 and Big1 expression were considerably decreased by a temperature shift to 37°C in the rot1-2 cells but not in the ROT1 cells. The rot1-2 mutation also caused a reduction in Rot1 itself (the rot1-2 mutation changes the mobility of the protein on SDS-PAGE; Takeuchi et al., 2006a) . In contrast, expression of Sec61, the ␣-subunit of the protein translocation channel of the ER membrane, was not affected by the rot1-2 mutation. These results suggests that severe defect in 1,6-␤-glucan synthesis originally observed in rot1 mutant cells is caused by decreases in the cellular levels of Kre5, Kre6, and Big1.
Rot1 Is a Molecular Chaperone for Kre6
We next examined the relationship between Rot1 and Kre6 in detail. Kre6 appeared as three protein bands in cell lysate Western blots, and we designated the fastest migrating species as the A form, the middle one as the B form, and the slowest one as the C form ( Figure 3A ). These bands were shifted almost equally by EndoH digestion, so these differences in the gel mobility are not due to the number or modification of N-linked oligosaccharide chains. Because the predicted molecular mass of unmodified Kre6 is 80 kDa, Kre6 is likely to undergo another modification(s) such as O-glycosylation or phosphorylation (Roemer et al., 1994) . To follow the modification of Kre6, we used a pulse-chase protocol in which the cells were metabolically labeled with [ 35 S]Met/Cys and chased in the presence of excess unlabeled Met/Cys. At the beginning of the chase period, only the A form was detected, and the B and C forms appeared after 30 min ( Figure 3B ). This indicates that the A form was synthesized first and subsequently converted to the B or C forms, albeit not completely. When the transport from the ER to the Golgi was blocked by the sec12-4 mutation (Stevens et al., 1982) , this conversion was not observed (Figure 3B) , suggesting that Kre6 was modified to the B or C form in the Golgi. CPY served as a control confirming blockage of ER-Golgi transport in the sec12-4 mutant: only the ER form of CPY was detected in the mutant even after 30 min of chase, whereas the Golgi and the vacuolar forms were ob- Indicated amounts of Rot1, rot1-2, or control protein BSA was incubated together, and A 320 was measured at RT for the indicated periods. A 320 of the buffer alone reaction at 10 min (B) or 5 min (C) is set to 100%, and the relative extent of the aggregation of denatured ␣-mannosidase or citrate synthase for each conditions of the reaction is shown. The averages of at least three reactions are shown. For simplicity, SDs are shown only for 5 and 10 min (B) or 2.5 and 5 min (C). Because the purity of rot1-2 was lower than Rot1, the actual concentration of rot1-2 in the reactions was estimated to be ϳ75% that of Rot1. , and YM85 (rot1-2 BIG1-HA) were incubated in YPD at 23 or 30°C or shifted from 23 to 37°C for the indicated times. The cell lysates were subjected to Western blotting using anti-HA, anti-Rot1, and anti-Sec61. The cellular level of Sec61 was not affected by the rot1-2 mutation and served as a loading control. served in the SEC12 cells ( Figure 3B ). Although a large portion of Kre6 in the cell lysate was of the B form ( Figure  3A) , Nakamata et al. (2007) recently showed that Kre6 is mainly localized to the ER. To address this discrepancy, we examined the intracellular distribution of Kre6 by subcellular fractionation using sucrose gradient ultracentrifugation. This analysis revealed that about two thirds of the A and B forms and most of the C form of Kre6 exist in the ER, and the rest is located in the Golgi ( Figure 3C ). This finding suggests that Kre6 cycles between the ER and the Golgi, which is consistent with Nakamata et al. (2007) . Such cycling has also been reported for another protein, Mnn9 (Todorow et al., 2000) .
To investigate the effects of the rot1-2 mutation on the modification and stability of Kre6, a pulse-chase experiment was performed at the restrictive temperature of 37°C. In the rot1-2 mutant, only the A form was detected ( Figure 4A ), which implies that Kre6 was retained in the ER. In addition, the rot1-2 mutation caused a rapid degradation of Kre6. Kre6 radioactivity was quantified, as shown in Figure 4B . Ubc7 is a ubiquitin-conjugating enzyme especially important for the ERAD, and ubc7⌬ strongly interferes the ERAD of most known substrates (Hiller et al., 1996; Vashist and Ng, 2004; Kota et al., 2007) . Kre6 degradation was inhibited in the rot1-2 ubc7⌬ double mutant, indicating that Kre6 was degraded by the ERAD in the rot1-2 cells ( Figure 4B ). On the other hand, ubc7⌬ did not affect the stability of Kre6 in a ROT1 background. These results indicate that the rot1-2 mutation causes ER retention and ERAD of Kre6, which strongly suggests that Kre6 failed to fold in the rot1-2 mutant.
One important characteristic of molecular chaperones is their transient interaction with the substrate protein. To detect the interaction between Rot1 and Kre6, Rot1 was immunoprecipitated by an anti-Rot1 antibody, and coprecipitated Kre6 was analyzed by Western blotting. As shown in Figure 4D , Kre6 was found in anti-Rot1 precipitates (lane 2), but not nonimmune serum precipitates (lane 1). Importantly, although the majority of Kre6 detected in cell lysates was of the B form ( Figure 4C, lane 1) , the A form of Kre6 was predominantly copurified with Rot1. This finding suggests that Rot1 selectively and transiently binds to recently synthesized Kre6. To confirm this idea, we performed doubleimmunoprecipitation in combination with a [
35 S]Met/Cys pulse-chase experiment. The cells were labeled and chased, and Rot1 was first immunoprecipitated. Then, the precipitate was subjected to a second immunoprecipitation to recover Kre6, which was separated by SDS-PAGE. Although the 35 S-labeled Kre6 was stable and converted to the B and C forms during the chase period ( Figure 4E, lane 1, 2) , only the A form of Kre6 was found to interact with Rot1, and the amount of Rot1-bound Kre6 rapidly decreased ( Figure 4E , lane 4 -6). This data indicates that Rot1 transiently interacts with newly synthesized Kre6. Blockage of protein synthesis by the translation inhibitor CHX also caused a time-dependent decrease in the amount of Rot1-Kre6 complex detected ( Figure 4D , lane 3 and 4), whereas the amount of cellular Kre6 was virtually unaffected ( Figure 4C, lanes 1-3) . An interaction between the rot1-2 mutant protein and Kre6 was also detected ( Figure 4D , lane 6), but was less compared with the amount of Kre6 copurified with wild-type Rot1 ( Figure 4D , compare lane 2 and 6). This result implies that the rot1-2 mutation impaired, but did not completely abolish the ability of Rot1 to bind to Kre6, as suggested by the in vitro experiments (Figure 1, B and C) . However, we cannot exclude a possibility that lower abundance of Kre6 in rot1-2 cells resulted in less observed Rot1-Kre6 complex. Taken together, we conclude that Rot1 functions as a molecular chaperone for Kre6.
Rot1 Is a Molecular Chaperone for Big1
We next tested whether Rot1 also functions as a molecular chaperone for Big1. Because Big1 contains only small number of Met and Cys residues and was not labeled efficiently by [
35 S]Met/Cys, we used a CHX chase protocol. To follow the fate of Big1 synthesized at 37°C, the cells were incubated at 37°C for 2 h, and then CHX was added to the culture to inhibit further protein synthesis. Big1 in the cell lysates was detected by Western blotting ( Figure 5A ) and quantified ( Figure 5B) . The data clearly demonstrate that degradation of Big1 was accelerated by the rot1-2 mutation and that ubc7⌬ stabilized Big1 only in the rot1-2 background. This finding indicates that the rot1-2 mutation causes the ERAD of Big1. In addition, a coIP analysis demonstrated an interaction between Rot1 and Big1, which was decreased by CHX treatment (Figure 5, C and D) . This suggests that Rot1 transiently associates with Big1, probably while Big1 is still nascent. The Rot1-Big1 complex was only faintly detected in the rot1-2 cells ( Figure 5D , lane 6). Taken together, these data indicate that Rot1 likely acts as a molecular chaperone for Big1.
Rot1 May Chaperone Kre5 and Atg22
The relationship of Rot1 with maturation of Kre5 was also examined. Kre5 stability was examined by the [ 35 S]Met/Cys pulse-chase experiment. As shown in Figure 6A and B, the rot1-2 mutation caused a weak but significant acceleration of Kre5 degradation. IP of Rot1 coprecipitated Kre5 ( Figure  6C ), indicating an interaction between Rot1 and Kre5. We suggest that Rot1 is involved in the folding and/or stabilization of Kre5, although the drastic reduction of Kre5 observed in the rot1-2 cells (Figure 2 ) could also be a separate and indirect consequence of prolonged incubation at 37°C. We previously showed that the lysis of the autophagic bodies is perturbed in the rot1-2 mutant (Takeuchi et al., 2006a) . We thus asked if Rot1 chaperones proteins that are involved in this cellular event. Atg22 is a polytopic membrane protein and probably acts as an amino acid permease in the vacuolar membrane (Yang et al., 2006) . We found that the cellular level of Atg22 was decreased by the rot1-2 mutation at 37°C ( Figure 6D ). Because of some technical reasons, neither 35 S-metabolic labeling of Atg22 nor the CHX chase protocol was successful for checking stability of Atg22.
Finding Rot1-dependent Proteins from the E-MAP
To find other Rot1-dependent proteins, we utilized an epistatic miniarray profile (E-MAP) of yeast genes reported by Schuldiner et al. (2005) , which illustrates the genetic relationship among mutant alleles of 424 genes related to the secretory pathway. In their study, 57 essential genes, including ROT1, were mutagenized by insertion of a nucleotide sequence to destabilize the product mRNAs, whereas another 367 genes were deleted. Next, the interactions of most of the gene pairs were estimated by checking the growth phenotype of the double mutant of the two genes. The combinations of the 424 mutations were examined, except for pairs of essential genes, and this comprehensive data set comprises the E-MAP.
Here we assumed the following scenario. If the product of gene S is a substrate protein of Rot1, its cellular level would decrease upon introduction of the rot1 mutation. On the other hand, the mutation in S also causes loss or reduction of its own product. Therefore, the mutations in ROT1 and S would show similar phenotypes, which in this case, is a genetic interaction(s) with another gene(s). On the basis of this model, we chose four genes, DRS2, GUP1, OPI3, and PMR1, as candidates for gene S from the 424 genes.
Drs2 is a polytopic membrane protein belonging to the P-type ATPases and cycles between the trans-Golgi network and the plasma membrane (Saito et al., 2004) . The HAtagging sequence was integrated into the chromosomal DRS2 locus to generate Drs2-HA. Western blot analysis of cell lysates revealed that, compared with ROT1 cells, Drs2-HA protein levels were lower in rot1-2 mutants incubated at 23°C and drastically lower in rot1-2 mutants incubated at 37°C ( Figure 7A ). We next examined the stability of Drs2 by [
35 S]Met/Cys pulse-chase. In this experiment, Drs2-HA was expressed from a multicopy plasmid for efficient detection. As shown in Figure 7 , B and C, Drs2 was degraded more quickly in the rot1-2 cells than in the ROT1 cells. In addition, we detected an association between Rot1 and Drs2 by coIP ( Figure 7D ). These findings suggest that Rot1 functions as a chaperone for Drs2. We could not determine if the ubc7⌬ mutation stabilizes Drs2 in the rot1-2 cells, because it unexpectedly induced degradation of Drs2 even in the ROT1 cells (data not shown).
Gup1 is a multispanning membrane protein that is located in the ER and is involved in remodeling of the GPI anchor (Bosson et al., 2006) . HA-tagged Gup1 was expressed under the control of its native promoter from a centromeric plasmid. Western blot analysis revealed that the cellular level of Gup1 was reduced by the rot1-2 mutation, especially at 37°C ( Figure 8A ). By the [ 35 S]Met/Cys pulse-chase protocol, stability of Gup1 expressed from a multicopy plasmid was examined. The rot1-2 mutation caused accelerated degradation of Gup1, an effect that was weakly but significantly alleviated by the ubc7⌬ mutation (Figure 8 , B and C). Comigration of Gup1 with the immunoglobulin heavy chain on SDS-PAGE prevented us from detecting an interaction of Rot1 and Gup1 by coIP.
Our analysis of Opi3 and Pmr1 showed little or no effect of the rot-2 mutation on their cellular amount or stability (Supplemental Figure 1 ), eliminating these as potential substrates. Taken together, these data suggest that Rot1 is a chaperone for Drs2 and Gup1, but not for Opi3 or Pmr1.
Rot1 May Cooperate with BiP/Kar2 in the Folding of Kre6
We previously proposed that Rot1 cooperates with BiP/ Kar2 in nascent protein folding (Takeuchi et al., 2006a,b) , and we examined this possibility here. The kar2-1 mutation causes an amino acid substitution in the peptide binding region of BiP/Kar2, and kar2-1 cells are likely to be defective in protein folding and ERAD (Brodsky et al., 1999; . We found that the kar2-1 mutation accelerated degradation of most of the Rot1-substrate proteins, viz. Interaction between Rot1 and Kre5-HA. YM27 was incubated in YPD at 30°C and lysed, and IP using anti-Rot1 antibody or nonimmune serum (n.i.) was performed under nondenaturing conditions at 4°C. The immunoprecipitants were subjected to Western blotting to detect Kre5-HA and Rot1. (D) Cellular level of Atg22-HA is decreased by the rot1-2 mutation. ROT1 and rot1-2 cells expressing ATG22-HA from a centromeric plasmid (YM191 and YM192 [pRS314-ATG22-HA]) were incubated in SC at 23°C or shifted to 37°C for 6 h. The cells were lysed, and Atg22-HA and Sec61 were detected by Western blotting.
Yeast Rot1 Is a Molecular Chaperone in the ER Kre6, Big1, Drs2, and Gup1 ( Figures 4B, 5B , 7C, and 8C), which suggests that BiP/Kar2 is also involved in their folding. Although the kar2-1 mutation alone did not seem to affect the stability of Kre5, the rot1-2 kar2-1 double mutation caused a rapid degradation of Kre5 ( Figure 6B ). The combination of rot1-2 and kar2-1 also enhanced degradation of Drs2 ( Figure 7C ). In the case of Big1, kar2-1 apparently stabilized this protein in a rot1-2 background, perhaps due to inhibition of ERAD ( Figure 5B ).
If Rot1 and BiP/Kar2 cooperate in protein folding, we would expect them to simultaneously associate with the substrate proteins. To detect this potential ternary complex, cells were treated with a membrane-permeable and thiolcleavable cross-linker, DSP, lysed, and double-immunoprecipitation was performed against Rot1 first and then BiP/ Kar2. Kre6 was detected in the second immunoprecipitant ( Figure 9 , lane 4), indicating that Rot1, BiP/Kar2, and Kre6 form a ternary complex. The ternary complex was also detected in the rot1-2 cells (Figure 9, lane 5) . These results strongly suggest that Rot1 cooperates with BiP/Kar2 in the folding of Kre6.
DISCUSSION
In this report, we provided evidence showing that Rot1 functions as a molecular chaperone in the ER. A molecular chaperone transiently interacts with unfolded proteins to Figure 9 . Rot1 forms a ternary complex with BiP/Kar2 and Kre6. ROT1 and rot1-2 cells expressing HA-Kre6 (YM41 and YM42) were incubated for 10 min at 37°C, dissociated in PBS, and treated with 10 mM NaN 3 and 2 mM DSP (or the vehicle, DMSO only) for 1 h at 37°C. Double immunoprecipitation was performed against Rot1 first and then Kar2. Nonimmune serums (n.i.) were used for negative controls. The second immunoprecipitants were analyzed by Western blotting using anti-HA and anti-Kar2 antibodies. inhibit their aggregation and support their folding and/or assembly. The recombinant Rot1 protein prevented aggregation of denatured proteins in vitro (Figure 1 , B and C), indicating that Rot1 can bind directly to unfolded proteins. The rot1-2 mutation partially impaired this function in vitro (Figure 1 , B and C), and observations in vivo also implied it ( Figures 4D and 5D) . Therefore, interaction with unfolded proteins probably underlies the function of Rot1 in cells. Moreover, cellular levels of six proteins in the secretory pathway were lower in the rot1-2 mutation (Figures 2, 6D , 7A, and 8A). As for five of these proteins, we demonstrated that the rot1-2 mutation accelerates degradation, which at least for three of them depends on the Ubc7-mediated ERAD pathway ( Figures 4B, 5B, 6B, 7C, and 8C ). These findings strongly suggest that Rot1 stabilizes these proteins by supporting their folding and/or assembly. In addition, we demonstrated a physical interaction of Rot1 with four of those Rot1-dependent proteins ( Figures 4D, 5D, 6C, and 7D ). In particular, Rot1 was found to transiently associate with newly synthesized Kre6 ( Figure 4E ). Taken together, we propose that Rot1 functions as a molecular chaperone that directly and probably transiently interacts with nascent unfolded proteins and assists in their folding and/or assembly.
The Rot1-dependent proteins presented in this study are listed in Table 3 . It should be noted that they display different properties. They include a soluble protein, and type I and II and polytopic membrane proteins. Their subcellular localizations and functions are diverse, and each of the proteins is categorized into different families. Considering together that Rot1 directly interacts with two model denatured proteins in vitro, we propose that Rot1 is a general chaperone. As described above, information about the dependency of the substrate proteins on individual chaperones is also important to understanding protein folding in a cell. In our study, Kre6 stability was severely affected by the rot1-2 mutation, suggesting that Kre6 is an obligate substrate of Rot1. On the other hand, Big1, Kre5, Drs2, and Gup1 each exhibited different dependencies on Rot1. We also found that some proteins may be folded independent of Rot1. Although Drs2 and Pmr1 are both P-type ATPases, only Drs2 was dependent on Rot1 ( Figure 7 and Supplemental Figure 1 ). Moreover, we previously reported that CPY was normally folded in rot1-2 single mutant cells (Takeuchi et al., 2006a) . Therefore, we suggest that Rot1 functions with some specificity in the cells, as do Hsp90 and the eukaryotic chaperonin. It is unlikely that all of the Rot1-client proteins inevitably require Rot1 for their folding. Nevertheless, Rot1 is an essential protein, and we believe that Rot1 plays a unique role(s) in protein folding in the ER. To illustrate Rot1-dependent protein folding in vivo more comprehensively, large-scale identification and examination of the substrate proteins using a proteomic approach such that of Kerner et al. (2005) and Jessop et al. (2007) would be desirable.
Although the mutant rot1-2 protein exhibited impaired substrate binding, this defect was not complete, and the rot1-2 protein may be partially active. Therefore, the dependency of proteins such as Big1, Kre5, Drs2, and Gup1 on Rot1 may be underestimated in this study comparing rot1-2 to wild-type cells. It is also possible that there are other proteins with functions redundant to Rot1 caused. We previously demonstrated that deletion of CNE1, LHS1, or SCJ1 aggravates the defective growth phenotype of rot1-2 cells, and conversely, that overexpression of each of them partially rescues it (Takeuchi et al., 2006a) . Proteins encoded by these genes are ER-resident chaperones and may share partially redundant function(s) with Rot1. We have also reported that the rot1-2 kar2-1 double mutation causes temperature-dependent synthetic lethality (Takeuchi et al., 2006a) . In this study, we showed that BiP/Kar2 is also required for the folding of Rot1-dependent proteins, except for Kre5 (Figures 4B , 5B, 6B, 7C, and 8C) and that Rot1 and BiP/Kar2 interact with Kre6 simultaneously (Figure 9 ). These findings suggest that Rot1 and BiP/Kar2 play distinct roles and cooperate in the folding of Kre6 and possibly other proteins. On the other hand, the additive effects of the rot1-2 and kar2-1 mutations on destabilization of Kre5 and Drs2 imply partial functional redundancy of Rot1 and BiP/Kar2.
Recently, three reports from other groups have reported possible functions of Rot1. Orlowski et al. (2007) reported that multicopy expression of ROT1 suppressed the sec59-1 mutation. Sec59 is an ER-localized polytopic membrane protein that functions as a dolichol kinase. We speculate that Rot1 can support the correct folding of the mutant sec59-1 protein. Second, Juanes et al. (2007) reported that in a Rot1-depleted cells, apical growth of bud and septum formation were perturbed. It is likely that these phenotypes are the secondary effects of misfolding and/or destabilization of Rot1-client proteins, because in their experiments, the cells were incubated for more than 6 h under conditions where Rot1 was depleted. Drs2 and its family members have been hypothesized to generate a biased distribution of aminophospholipids between the two leaflets of the lipid bilayer, and this may be important for assembly of the cortical actin patch required for apical bud growth (Kishimoto et al., 2005) . In addition, Kre6 was shown to interact with the actin patch assembly proteins, Las21 and Sla1, through its cytoplasmic tail (Li et al., 2002) . We speculate that a decrease in Drs2, Kre6, and other Rot1-dependent proteins collectively could cause abnormalities in actin patch assembly and septum formation. Finally, Nakamata et al. (2007) reported that an essential, ER membrane protein, Keg1, interacts with Kre6 and that overexpression of ROT1 suppresses the temperature-sensitive growth defect of the keg1-1 mutant. As they suggested, it is possible that Rot1 chaperones the mutant keg1-1 protein and/or indirectly supports its function by chaperoning Kre6. As described above, Rot1 was initially reported as a protein involved in cell wall 1,6-␤-glucan synthesis, but importantly, these pleiotropic phenotypes of the rot1 mutation and overexpression of ROT1 are consistent with our idea that Rot1 is a general chaperone.
We have shown here that Rot1 functions as a molecular chaperone and acts together with BiP/Kar2 in some cases. Hsp70 cofactors such as Hsp40 possess chaperone activity and bind to substrate proteins together with Hsp70. At the same time, Hsp70 cofactors generally regulate the ATPase activity of Hsp70. We speculate that Rot1 cooperates with BiP/Kar2 in a similar manner. Can Rot1 bind BiP/Kar2 directly and regulate its ATPase activity? This is an important question to be addressed in future studies. Although Rot1 homologues are found only in yeast species, there may exist a protein(s) having functions similar to Rot1 in the ER of higher eukaryotes, because some of the Rot1-client proteins are evolutionally conserved. Alternatively, Rot1 may meet the requirements specific to the yeast ER. Large-scale identification of Rot1 substrates and a detailed analysis of Rot1 functions, including possible cooperation with BiP/ Kar2, will deepen our understanding of protein folding in the ER.
